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Introduction
Erectile dysfunction (ED) is one of the important functional complications after radical prostatectomy (RP) even in the era of robot-assisted laparoscopic surgery which enhances the optical power of the surgeon that one can maximally spare the neurovascular bundle of prostate
(1). To understand the precise pathophysiologic mechanisms of post-RP ED, experimental in vivo models of cavernosal nerve (CN) injury in small rodents have been widely used in shortand long-term functional and morphologic studies (2) . It was known that the CNs may have been unintentionally damaged by manipulation during nerve-sparing prostatectomy, resulting in substantial damage to the axons of the CN (3). Pathophysiologic studies have shown that neural injury during RP results in structural changes such as cavernosal fibrosis or apoptosis of smooth muscle and endothelium of the cavernosum (4, 5).
Transforming growth factor-ß (TGF-ß) is a well-known fibrogenic cytokine in the corpus cavernosum (6) , which has ability to enhance processes such as epithelial to mesenchymal transition (EMT), and extracellular matrix production (7, 8) . The role of TGF-ß in cavernosal fibrosis has been actively investigated until recently. However, molecular events leading to corporal fibrosis and, thereby, ED after CN injury is poorly understood. We have previously demonstrated in the rat model of CN injury, that sphingosine-1-phosphate/RhoA/Rho-kinase1 (ROCK1) signaling pathway could be involved in corporal fibrosis with loss of smooth muscle (SM) through coordination with TGF-ß1 after CN injury (9) . Recent literature suggested that activation of ROCK1 was followed by phosphorylation of the downstream effectors LIM-kinase 2 (LIMK2) and cofilin, resulting in fibroblast-to-myofibroblast differentiation, a pathophysiologic feature of fibrosis (8) . However, the role of ROCK1/LIMK/cofilin pathway in corporal fibrosis has not been investigated until recently.
Therefore, we hypothesized that the RhoA/ROCK1 pathway activation would turn on LIMK2/Cofilin pathway, which might be involved in corporal fibrosis and ED in a rat model of CN injury. We investigated whether ROCK1/LIMK2/Cofilin signaling pathway could be involved in corporal fibrosis after bilateral CN injury in male rats to supplement the pathophysiologic knowledge on the role of those pathways in the process of ED after RP.
Materials and Methods
2-1. CN Injury Rat Model and Treatment
Forty eight 10-week-old male Sprague-Dawley rats, each weighing 300 to 350 g, were randomly divided into three groups (n= 16 in each group): sham surgery (S); bilateral CN crush injury (I); and bilateral CN resection group (R). Within each of the three groups, two subgroups were analyzed as a function of time, i.e. 1 and 4 weeks postoperatively.
The animals were anesthetized with an intraperitoneal injection of zoletil (10 mg/kg) and inhalation of isoflorane, and were placed on the surgical table. The surgical area was iodinated for sterilization. After vertically incising the low abdominal wall, the dorsolateral lobe of prostate, major pelvic ganglion (MPG), and the main branch of the CN were identified. For the S group, both CNs were exposed, but were not manipulated and after which the abdominal wound was closed. For the I group, two 30-second compressions, without physical disruption, were applied to the bilateral CN 5 mm distal to the MPG using a microsurgical vascular clamp.
For the R group, we completely resected the bilateral CN 5 mm distal to the MPG using microsurgical scissors. The skin was closed by sutures using black silk at the end of the procedure.
At the end of the treatment, their erectile function was measured and the animals were 
2-2. Assessment of Erectile Response and Sample Procurement
At each time point of 1 and 4 weeks postoperatively, electrostimulation of the cavernous nerve was performed to assess erectile function by using the maximal intracavernous pressure (ICP)/mean arterial pressure (MAP) ratio and areas under the curve (AUC). The animals were anesthetized with an intraperitoneal injection of zoletil (10mg/kg) and inhalation of isoflorane, and were placed on the surgical table. A 24-gauge angiocatheter was introduced into the carotid artery and connected to a pressure channel to continuously monitor MAP of the rat. The shaft of the penis was freed of skin and fascia, and the corpus cavernosum was exposed and cannulated using a 23-gauge needle in order to permit continuous monitoring of the intracavernous pressure (ICP). Pressure data were collected and electronically analyzed (Powerlab, ADInstruments, Colorado Spring, CO, USA). The CN was stimulated below the injured segment using a bipolar stimulator at a frequency of 15Hz, width of 0.2ms, and duration of 30 seconds. The application of 1, 2.5 and 4 V were used in order to achieve a consistent erectile response. The ratio of the ICP to the MAP, frequency of response curves, and the area under the ICP curves (AUC) were evaluated and compared among the experimental groups. The AUC was also corrected by the MAP (10). The whole penis was removed after assessment of the erectile function. Middle parts of the skin-denuded penile shaft were maintained overnight in 10% formaldehyde solution and paraffin was embedded for histological studies. The remaining penile tissue was rapidly frozen in liquid nitrogen and was stored at -80°C until processing.
2-3. Histomorphometry and Immunohistochemistry
In order to calculate the smooth muscle cell (SMC)/collagen ratio, paraffin embedded slides of sectioned penile tissue were stained using Masson's trichrome as described in a previous investigation (9) . The SMC/collagen ratio was calculated under ×40 magnification images of the penis comprising one-half of the corpora cavernosa by analyzing the area of SMC (stained in red) and collagen (stained in blue) using ImagePro Plus 4.5 software (Medica Cybernetics, SilverSpring, MD, USA).
Immunohistochemical staining for alpha-smooth muscle actin (α-SMA) was performed to evaluate the percentages of the smooth muscle cell component (% α-SMA) as described in a previous investigation (9, 11) . Overnight incubation with primary anti-α-SMA antibody (1:100;
Dako, Glostrup, Denmark) was performed. At a ×100 magnification, two fields were randomly selected on each slide, and the percentage of smooth muscle fibers in a given area was measured using Image Pro Plus 4.5software.
2-4. Immunofluorescence for Confocal Laser Microscopy
To assess co-localization of fibroblasts and ROCK1 or LIMK2-activated sites in penile tissue, Images were acquired using LAS AF (Leica Microsystems, Heidleberg, Germany).
2-5. Western Blot Analysis
Penile tissue was processed for Western blot (ROCK1, total LIMK2, phospho-LIMK2, total cofilin, and phospho-cofilin). Western blot analysis was performed as previously described (9, 12) . Anti-ROCK1 (1:1,000,Cell SignalingTechnology), anti-LIMK2 (1:500, AbCam, Cambridge, MA, USA), anti-phopho-LIMK2 (1:1000, AbCam, Cambridge, MA, USA), anti-cofilin (1:1000, Cell SignalingTechnology), and anti-phopho-cofilin (1:1000, Cell SignalingTechnology)
antibodies were used as primary antibodies. Results were quantified by densitometry and normalized by β-actin expression. Data were represented as the fold-change over that of the S group.
2-6. Statistical Analysis
Results were reported as the mean ± standard errors of the mean. As indicate, variables were analyzed statistically with the Mann-Whitney U, Kruskal-Wallis test. All statistical tests were two-sided, with the level of significance set at 0.05. The SPSS version 18.0 (IBM Corp., Amonk, NY, USA) was used for the analysis.
Results
Assessment of the Erectile Response In Vivo
Electrical 
Masson's Trichrome Staining for SMC/Collagen Ratio in the Corpus
Cavernosum and the Immunohistochemistry of α-SMA
The SMC/collagen ratio had significantly decreased in the I and R groups compared to that in the S group at 1 week postoperatively, and it was also differed between the I and R groups. At 4 weeks postoperatively, the SMC/collagen ratio had also significantly decreased in the I and R groups compared to that in the S group. In the I and R groups, the SMC/collagen ratio at 4
weeks had significantly decreased compared to those at 1 week postoperatively (Figure 2 ). The α-SMA immunohistochemical staining results were almost identical to the corresponding results obtained using Masson's trichrome staining. The % α-SMA was decreased in the I and R groups compared to that in the S group at 1 and 4 weeks postoperatively. However, the % α-SMA were not significantly different between the two time points in each groups ( Figure 3 ). 
Immunofluorescent Staining of Fibroblasts Positive for phospho-LIMK2
To investigate the phenotypic localization and different expression of fibroblasts positive for ROCK1 or phospho-LIMK2 in the corpus cavernosum in each experimental group, double immunofluorescent staining of vimentin with ROCK1 or phospho-LIMK2 were performed. In each group, vimentin-positive cells (fibroblasts) were mostly observed in the subtunical areas, but few around the sinusoids of the cavernosum (Figure 4 and 5) . In I and R group, fibroblasts positive for ROCK1 or phospho-LIMK2 were significantly increased in the subtunical areas at 1 week, but not at 4 weeks. 
Western Blot Analysis
We measured ROCK1, total LIMK2, phospho-LIMK2, total cofilin, and phospho-cofilin protein expression in the penile tissue at 1 and 4 weeks following surgery. The densitometry results showed that the ROCK1 protein level was significantly higher in the I and R groups than in the S group at 1 and 4 weeks. LIMK2 phosphorylation was significantly higher in the I and R groups than in the S group at 1 week, however the ratio did not differ significantly between either group at 4 weeks. Cofilin phosphorylation in the R group significantly increased compared to that in the S group starting after 1 week, while that in the I group significantly increased as late as 4 weeks. These results are shown in Figure 6 . 
Discussion
ED is common after RP. The pathophysiology of ED need to be understood properly to maximize the chances of a man to recover functional erections after RP (13) . Neural injury, vascular injury, and smooth muscle damage are three key factors of pathophysiology of ED after RP(3). It was reported that CN injury resulted in smooth muscle and endothelium undergo structural changes (4). User et al. have demonstrated early smooth muscle apoptosis after bilateral and unilateral cavernous neurectomy which was maximal at 2-7 days after surgery.
They showed that the smooth muscle apoptosis appeared to be clustered in the subtunical area of the corpus cavernosum. The authors suggested that this may be a contributor to the development of venous leak after RP. Another consequence of neural injury is change in smooth muscle-to-collagen ratios. Neural injury has been reported to be associated with upregulation of collagen types I and III as well as upregulation of fibrogenic cascades through cytokines such as TGF-ß (14).
TGF-ß stimulate mesenchymal cells to proliferate and produce extracellular matrix and induce a fibrotic response in vivo (15) . Tissue fibrosis is considered to develop due to a failure of the normal wound healing response to finish (16) . Myofibroblasts are a specialized form of fibroblasts which express elevated levels of α-SMA and have enhanced ability to contract extracellular matrix (16) . It was suggested that the use of TGF-ß as a target for antifibrotic intervention may be limited to acute conditions, such as immediately after surgery (17) .
The ROCK pathway is important in the progression of TGF-β-induced vascular fibrosis in cardiovascular disease (18) . Gratzke et al. showed that erectile function decreased after CN injury and was accompanied by RhoA/ROCK pathway activation in the rat penis (19) . Also, a recent study demonstrated that the RhoA/ROCK1 was involved in corporal fibrosis through coordination with TGF-β/sphingosine-1-phosphate signaling after CN injury (9) . In accordance with the studies, the current study showed that ROCK1 up-regulation was accompanied by corporal fibrosis starting from the acute phase following CN injury. Other studies reported the involvement of the ROCK1 in development of fibrosis using murine model. Haudek et al.
demonstrated the important role of ROCK1 in the differentiation of monocytes that mature into cardiac fibroblasts (20) . Zhang et al. showed that ROCK1 deficiency reduced induction of fibrogenic cytokines using the ROCK1 knockout mice, and supported the role of ROCK1 in the development of cardiac fibrosis and the induction of fibrogenic cytokines in cardiomyocytes resulting from pathological stimuli (21) . Therefore, as shown in the aforementioned studies and in the current study, ROCK1 up-regulation may be involved in the pro-fibrotic cascade in the corporal tissue after CN injury.
This is the first study to evaluate the LIMK2/cofilin pathway, the downstream effectors of ROCK1, which was involved in ED and corporal fibrosis after bilateral CN injury in male rats.
The present study shows that up-regulation of ROCK1/LIMK2/cofilin pathway is accompanied by impaired erectile response and corporal fibrosis beginning at 1 week following CN injury.
Also, the fibroblasts positive for phospho-LIMK2 were significantly increased after CN injury and mainly distributed in the subtunical areas. Therefore, our study indicates that the ROCK, effectively blocked TGF-ß driven invasion through a layer of matrigel extracellular matrix protein and suggested that LIMK represents an attractive therapeutic target in TGF-ß driven organ fibrosis and metastatic cancer spread (27) . The current study evaluated LIMK activation and its downstream regulation of cofilin in vivo, therefore our data support that LIMK could be another therapeutic target rather than ROCK in corporal fibrosis after CN injury.
Up-regulation of ROCK1/LIMK2/cofilin pathway might be involved in the corporal fibrosis and erectile dysfunction after CN injury. And, up-regulation of the pathway was induced beginning 1 week (acute phase) after CN injury. Furthermore, the present study showed that the protein expression of LIMK2 in the CN crush injury or resection group was significantly increased compared with that in the sham-operated group at 1 week postoperatively. However, the observed increase in the expression of LIMK2 in the CN crush injury or resection group lost significant difference compared to that in the sham-operated group by 4 weeks after surgery.
These results suggest that LIMK2 up-regulation may be an acute phase reaction associated with corporal fibrosis following CN injury. In line with the current study, Ferrini et al. showed that corporal veno-occlusive dysfunction(CVOD) developed as a result of the loss of corporal SMC by apoptosis followed by fibrosis (28) . They emphasized that early therapeutical intervention would be necessary, because the early histopathological impairment in the cavernosum leads later to the CVOD. Taken together, early therapeutic strategy targeting to the ROCK1/LIMK2/cofilin pathway would be necessary to preserve the integrity of penile structure and, thereby, to prevent CVOD or ED after CN injury.
LIMKs are serine protein kinases that play a central role in the regulation of the actin cytoskeleton by phosphorylating cofilin (25) . The LIMK family consists of just two members:
LIMK1 and LIMK2 (30) . LIMK homologues (LIMK1 and LIMK2) have been identified in various species including; humans, mice, rats and chickens (25) . It is known that LIMK1 is required for microtubule disassembly in endothelial cells (29) , and it was shown to be involved in cancer metastasis. LIMK2 is known to promote cells cycle progression when activated (30).
However, less has been studied about the role of LIMK2 in the various pathologic status regarding fibrosis in vivo. The LIMK2 is a downstream effector of the RhoA/ROCK pathway (25) . When active, LIMK2 is known to phosphorylate and inactivate the functions of cofilin proteins, the principal LIMK2 substrate, which sever filamentous-actin, resulting in filamentous-actin stabilization (26) . This can lead to cytoskeletal rearrangements and, then fibroblast-to-myofibroblast differentiation, a pathophysiological feature of fibrosis (7) . Thus, the current study noted the potential for involvement of LIMK2/cofilin, downstream effectors of ROCK, in the corporal fibrosis after CN injury. Dai et al. showed that cofilin and LIMK2 were up-regulated in cultured cells in vitro and in an experimental rat pulmonary hypertension model in vivo (31) . They demonstrated that LIMK2 was maximally up-regulated at the time of the initial microscopically detectable pulmonary hypertrophy and throughout the progression of vascular hypertrophy. Morin et al. showed that selective inhibition of LIMK effectively blocked TGF-ß driven invasion through a layer of matrigel extracellular matrix protein and suggested that LIMK represents an attractive therapeutic target in TGF-ß driven organ fibrosis and metastatic cancer spread (27) . Given the risk for significant adverse effects of Rho-kinase inhibitor, the present study suggests that LIMK2 might be a reasonable therapeutic target for the treatment of corporal fibrosis after CN injury.
A limitation of the current study is that any blocking method such as ROCK or LIMK inhibitor or siRNA knockdown was not performed to further determine the apparent causality between fibrosis and the detailed molecular events of the ROCK1/LIMK2/cofilin pathway in corporal tissue after CN injury. Alternately, we performed a comparative analysis to determine the differences in erectile function, corporal fibrosis and the associated events in the molecular level of the ROCK1/LIMK2/cofilin pathway among rats that underwent a sham surgery or CN crush injury or CN resection. Our results indicated that the higher the expression of ROCK1/LIMK2/cofilin signaling pathways is, the larger the increase in corporal fibrosis is. To a certain degree, this result showed that the dose-dependent relationship between the expression of ROCK1/LIMK2/cofilin signaling molecules and corporal fibrosis. However, further time course studies about therapeutic effect of inhibition of LIMK/cofilin pathway on corporal fibrosis and CVOD after CN injury are needed to get a better understanding of the apparent roles of the pathway in corporal fibrosis and CVOD after CN injury.
Conclusions
Our data suggest that the ROCK1/LIMK2/cofilin pathway can be involved in both ED and corporal fibrosis associated with the loss of SM after CN injury, and it appears to be functional particularly in the early phase after CN injury.
